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We have developed a new strategy for the preparation of diolides using a cascade of Nicholas reactions.
The carboxylic acid nucleophiles in these reactions are virtually unstudied participants in transformations of this type. Using this methodology, a sixteen-membered cobalt-complexed cyclic diyne is available in 28% yield over eight steps (an average of 85% per step). We can also easily access the uncomplexed diolide in one additional step.
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In connection with our recently disclosed methodology involving tandem intramolecular Nicholas and Pauson-Khand reactions for the synthesis of tricyclic oxygen-containing heterocycles, 1 we decided to investigate an extension of this strategy for the synthesis of tricyclic lactones. In our previous report, we examined the use of alcohol nucleophiles in the Nicholas reaction. Oxidation of the alcohol functionality would enable us to study a carboxylic acid as a nucleophile in the Nicholas reaction. Thus, as outlined in Scheme 1, our goal was to convert enyne 1 into tricyclic lactone 4 using a three step sequence involving a cobalt complexation reaction, a Nicholas reaction, and a Pauson-Khand reaction. Although a seemingly straightforward modification of our cyclic ether protocol, two aspects of the lactone synthesis proved worthy of investigation. First, carboxylic acid nucleophiles are nearly unprecedented in the Nicholas reaction literature. 2 We could find no examples of an intramolecular reaction incorporating a carboxylic acid and were only able to identify one example of an intermolecular transformation that used acetic acid as the nucleophile. 3 In fact, propargylic esters are often used as leaving groups in Nicholas reactions, leading to the key cobalt-stabilized propargyl cations upon treatment with protic or Lewis acids. 2 Second, the synthesis of medium-sized lactones is an ongoing synthetic challenge. Lactonization protocols for the synthesis of seven-to twelve-membered rings often yield dimeric diolides along with the medium-ring products. 4, 5 In some cases, only the diolides are isolated. 4c,6 Furthermore, although numerous lactonization strategies have previously been investigated, we planned to focus on reactions with an alcohol (or ether) leaving group and a carboxylic acid nucleophile. The only comparable method is the Mitsunobu reaction, which works well to form small and large lactones but is rarely employed for the formation of medium-sized rings. 7 As shown in Scheme 2, our investigation began with the synthesis of enyne acid 9 from known alkyne 5. 8 Alkyne deprotonation of 5 followed by addition to 4-pentenal (6) furnished the desired alcohol 7.
Methylation of 7 with sodium hydride and methyl iodide followed by THP removal with pyridinium ptoluenesulfonate yielded enyne 8. Conversion of primary alcohol 8 into the corresponding carboxylic acid 9 proved most efficient when using a two-step protocol involving the Dess-Martin periodinane 9 and
Oxone. 10 Synthesis of acid 9 in one step from alcohol 8 using either the Jones reagent or pyridinium dichromate was unacceptable due to low isolated yields (<20%). We next turned our attention to cobalt complexation of the alkyne and the key Nicholas reaction. As depicted in Scheme 3, reaction of alkyne 9 with dicobalt octacarbonyl smoothly provided cobalt-alkyne complex 10 in 86-97% yield. This material was subjected to a variety of Lewis and protic acids to determine the optimal conditions for the Nicholas reaction. Titanium tetrachloride 11 promoted 4 decomposition of the starting material, trimethylsilyl triflate 12 yielded only trace amounts of product, and boron trifluoride-diethyl etherate 1 provided at most 30% yield of product. Both protic acids investigated, triflic acid 13 and tetrafluoroboric acid, 14 furnished product, however, tetrafluoroboric acid was far more efficient. The optimized conditions for the Nicholas reaction involve treatment of cobaltcomplexed alkyne 10 with one equivalent of HBF4 at 0 ºC in dichloromethane for one hour to yield 50-63% of the diolides 11 and 12. Attempts to isolate the eight-membered ring lactone 3 proved fruitless even when we diluted the tetrafluoroboric acid reaction to a concentration of 0.004 M. Furthermore, attempts to prepare the corresponding seven-and nine-membered rings were unsuccessful. Unoptimized investigations toward the syntheses of these systems provided low yields of the fourteen-and eighteenmembered ring diolides, respectively. We obtained the sixteen-membered ring diolides as an 81:19 mixture of 12:11 with the anti stereoisomer 12 as the major product. Fortunately, the mixture of diolides exists as a red solid, and an X-ray quality single crystal was obtained after a variety of recrystallization attempts. 15 Figure 1 shows the results of the X-ray analysis and unambiguously establishes the structure of anti isomer 12. The 5 structural features of compound 12 are consistent with the results obtained by Gleiter in his study of tento fourteen-membered rings containing two cobalt-alkyne complexes. 16, 17 Our structure nicely demonstrates the orthogonal nature of the Co-Co bond in relation to the two carbons of the complexed triple bond, the elongated C-C bond length of the former triple bond (C1-C2 = 1.33 Å), and the bent geometry of the complexed alkyne (C1-C2-C3 bond angle = 141º). The outcome of the Nicholas reaction is rationalized based on product stability. Diolides are thermodynamically more stable than medium-sized lactones because of the preference for esters to adopt the Z rotamer over the E rotamer (with respect to the carbon-oxygen single bond of the ester). 18 Thus, since our Nicholas reaction is under thermodynamic control, 19 we should obtain the diolide as the only product. Our hypothesis regarding the course of the reaction is illustrated in Scheme 4. Protonated lactone 14, possessing an ester locked in the E conformation, is formed as the kinetic product after production of stabilized carbocation 13. Since Nicholas reactions are run under acidic conditions, the protonated lactone can open to reform the carbocation intermediate. In a presumably slower but thermodynamically more favorable reaction, cation 13 can dimerize to form acyclic ester 15 with the ester in the preferred Z conformation. This carbocation can now undergo an intramolecular Nicholas reaction to yield sixteen-memberd ring diolide 16 enabling both esters to adopt the favored Z geometry.
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The eventual products, neutral diolides 11 and 12, are formed when the reaction is quenched by addition of sodium bicarbonate. 
Even though we were unable to isolate the eight-membered ring lactone, we were interested to explore the reactivity of the cobalt-containing diolides that we could obtain. We first subjected the mixture of diolides 11 and 12 to conditions that are known to promote the Pauson-Khand reaction. Unfortunately, exposure of 11 and 12 to NMO, 20 cyclohexylamine, 21 or heating in air 22 yielded none of desired pentacyclic product 17 (see Scheme 5) . These reaction conditions appeared to promote decomposition of the starting material into a complex mixture of unidentifiable byproducts. We were able to remove the cobalt successfully from 11 and 12 using the standard conditions of ceric ammonium nitrate (CAN) in acetone; 23 this yielded 73% of cyclic diyne 18 as an 81:19 mixture of the anti:syn diastereomers (see Scheme 6). 24 Interestingly, sixteen-membered ring diyne diesters are rare in the literature. 25 Cyclic diynes like 18 have proven useful in the synthesis of prismanes. 24d Additionally,
18 possesses the cyclic carbon framework present in several natural products, e.g., halichoblelide, 26 pyrenophorin, 6 and elaiophylin. 27 Scheme 6. Cobalt Decomplexation with CAN. 
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In conclusion, we have developed an efficient procedure for the synthesis of a sixteen-membered ring diolide containing two alkynes using the Nicholas reaction as the key step. Our synthesis sheds light on the utility of carboxylic acids as nucleophiles in the Nicholas reaction and suggests the reversibility of these transformations for the synthesis of a medium-sized ring. We have also obtained an X-ray crystal structure of the sixteen-membered ring diolide incorporating two cobalt-complexed alkynes.
Experimental Section 7-Methoxy-undec-10-en-5-ynoic acid (9) . A flame dried, two-necked, round-bottomed flask equipped with a septum and gas inlet adapter was placed under a nitrogen atmosphere and charged with 8,16-Di-but-3-enyl-1,9dioxa-cyclohexadeca-6,14-diyne-2,10-dione hexacarbonyl dicobalt complex (11 and 12) . A flame dried round-bottomed flask equipped with a septum and gas inlet adapter was charged with acid 10 (577 mg, 1.16 mmol) and placed under a nitrogen atmosphere. CH2Cl2 was added and the resulting dark red/black solution was cooled at 0 ºC. HBF4 (54% in ether, 0.160 mL, 1.16 mmol) was added and the reaction mixture was stirred at 0 ºC for 1 h. The reaction was quenched while still cold by addition of 15 mL of saturated NaHCO3. The aqueous layer was removed and the organic phase was dried over MgSO4 and added to a sintered glass funnel packed with silica gel. Rinsing with 
